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Selenocysteine and pyrrolysine, known as the 21st and 22nd amino acids, are directly inserted into
growing polypeptides during translation. Selenocysteine is synthesized via a tRNA-dependent path-
way and decodes UGA (opal) codons. The incorporation of selenocysteine requires the concerted
action of speciﬁc RNA and protein elements. In contrast, pyrrolysine is ligated directly to tRNAPyl
and inserted into proteins in response to UAG (amber) codons without the need for complex re-cod-
ing machinery. Here we review the latest updates on the structure and mechanisms of molecules
involved in Sec-tRNASec and Pyl-tRNAPyl formation as well as the distribution of the Pyl-decoding
trait.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Selenocysteine biogenesis
Selenocysteine (Sec) is the major biological form of the element
selenium, which in trace amounts is essential for human health.
Sec is incorporated into polypeptides to form selenoproteins dur-
ing translation. The 21st amino acid is typically found in catalytic
centers of selenoproteins where it plays a functionally essential
role. Unlike most amino acids, Sec is universally synthesized on
its cognate tRNA [1–4]. During translation, selenocysteinyl-tRNASec
(Sec-tRNASec) is delivered to the ribosome by a speciﬁc translation
factor that requires a characteristic stem-loop structure in the
mRNA to actively recode an in-frame UGA from stop codon to
Sec sense codon. The human genome encodes only 25 selenopro-
teins [5], yet variations in these Sec-containing proteins or their
synthetic machinery is linked to a range of human disorders
including cancer and numerous diseases affecting the nervous, im-
mune, and endocrine systems [6].
The machineries to synthesize Sec and incorporate it into sele-
noproteins are divergent in bacteria compared to archaea andchemical Societies. Published by E
trick.odonoghue@yale.edu (P.eukaryotes. In bacteria, serine (Ser) as the precursor of Sec is ini-
tially attached to tRNASec by seryl-tRNA synthetase (SerRS). The
resulting Ser-tRNASec is then converted to Sec-tRNASec by seleno-
cysteine synthase (SelA) in the presence of the selenium donor
selenophosphate. This pathway has been well characterized in
Escherichia coli [7] and extensively reviewed before [8,9].
The pathway for Sec biosynthesis in archaea and eukaryotes
(Fig. 1) was revealed only in the last few years. The missing com-
ponent was an archaeal/eukaryotic analog of SelA, since no clear
sequence-based homolog could be found. An additional enzymatic
step is involved in Sec biosynthesis in archaea and eukaryotes. O-
phosphoseryl-tRNA kinase (PSTK) [10] catalyzes the phosphoryla-
tion of Ser-tRNASec to form O-phosphoseryl-tRNASec (Sep-tRNASec).
The Sep-tRNA:Sec-tRNA synthase (SepSecS), an independently
evolved protein that is distantly related to SelA [11], then forms
the ﬁnal product Sec-tRNASec from selenophosphate and Sep-
tRNASec [2–4]. Phylogenetic analysis indicated that PSTK and Sep-
SecS co-evolved and are restricted to the archaeal and eukaryotic
domains [2,12]. An interesting similarity, as reviewed previously
[13], exists between the archaeal and eukaryotic Sec biosynthetic
pathway and archaeal tRNA-dependent cysteine biosynthesis,
which also proceeds via a Sep-tRNA intermediate [14]. In the ﬁrst
section of this paper, we focus on recent biochemical and struc-
tural work that further elucidated the mechanism and speciﬁcitylsevier B.V. All rights reserved.
Fig. 1. The Sec biosynthesis pathway in archaea and eukaryotes. Sec is synthesized on tRNASec in three steps. (1) The unacylated tRNASec is serylated by SerRS; (2) the
resulting Ser-tRNASec is phosphorylated by PSTK forming Sep-tRNASec; (3) the phosphorylated intermediate is converted to the ﬁnal product Sec-tRNASec by SepSecS. The
crystal structures of tRNA and enzymes in this pathway are presented: tRNASec (ribbon) from Homo sapiens [19], SerRS (ribbon) with AMP (stick) from Pyrococcus horikoshii
[64], PSTK (ribbon) from M. jannaschii [26], and SepSecS (ribbon) with tRNASec (stick, only one tRNA is shown) from Homo sapiens [18].
J. Yuan et al. / FEBS Letters 584 (2010) 342–349 343of the tRNA and enzymes involved in Sec biosynthesis in archaea
and eukaryotes.
2. tRNASec has a distinct structure
tRNASec was identiﬁed more than two decades ago [1]. It is the
longest tRNA with an extended acceptor stem resulting from an
abnormal RNase P cleavage speciﬁcity [15]. tRNASec has an 8-bp
acceptor stem and 5-bp T-stem (a 8/5 secondary structure) in bac-
teria and a 9/4 arrangement in archaea and eukaryotes, and both
can fold into a 13-bp long acceptor-TWC helix (Fig. 2A). In contrast,Fig. 2. Binding to SepSecS promotes a conformational change in tRNASec. (A) The seconda
The correct tRNASec sequence is shown here (Fig. 2C in Ref. [18] omitted a base from th
anticodon arms of free tRNASec (blue) on the corresponding atoms of tRNASec complexed w
to the enzyme. The variable arm of tRNASec rotates by 33, the T arm swings 17 and th
anticodon arms. The free tRNASec conformer cannot bind to SepSecS because the tip o
positioned away from the helix a9. (C) The acceptor arm also slides down towards the a
parallel to the variable arm. This movement positions G73 to interact with Arg398 in the h
complexed with SepSecS is red and SepSecS is beige. Only the secondary structure elem
clockwise around the horizontal axis, and then another 30 anticlockwise around the vecanonical tRNAs typically have a 7-bp acceptor stem and a 5-bp T-
stem forming a 12-bp acceptor-TWC helix. Several other features of
tRNASec, including an elongated D-stem (6-bp instead of 4-bp), a
smaller D-loop (4-bp instead of 8-bp), a long variable arm, and
the absence of the highly conserved U8 residue, make tRNASec dis-
tinct from canonical tRNAs.
The tertiary structures of E. coli and eukaryotic tRNASec were
investigated by chemical and enzymatic probing during the
1990s [16,17]. Very recently, the ﬁrst tRNASec crystal structure
was solved. The unacylated human tRNASec transcript was crystal-
lized in complex with human SepSecS [18] and in an unbound statery structure of human tRNASec with bases mentioned in the text highlighted in bold.
e D-arm). (B) Superposition of the sugar–phosphate backbone of both the D- and
ith SepSecS (red) reveals a conformational change in the tRNA molecule on binding
e acceptor arm rotates by 6 around the axis that runs parallel to both the D- and
f its acceptor arm would clash with the helix a1 and the variable arm would be
nticodon arm on binding to SepSecS through a 24 rotation around the axis that is
elix a14 and orients the CCA end toward the active site. Free tRNASec is blue, tRNASec
ents of SepSecS that interact with tRNA are shown. The view is ﬁrst rotated 30
rtical axis relative to panel B.
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of the acceptor, T and D-stems. Compared to canonical tRNAs, the
overall structure of tRNASec is less compact due to the lack of ter-
tiary interactions from the D-arm and the variable arm, i.e., ab-
sence of the G15:C48 base pair, which creates a hole in the
tertiary core [18,19]. The D-stem does not stack perfectly along
the axis formed by the anticodon stem and the T-loop and shifts
to the minor groove side of the tRNA. The long variable arm pro-
trudes from the tertiary core on the side of tRNASec opposite from
the D-arm [18,19]. Remarkably, despite different secondary and
tertiary interactions, the relative position of the T-stem and the
variable arm in the free tRNASec is almost indistinguishable to that
in tRNASer. The variable arm is one of the major identity elements
for the recognition of tRNASer and tRNASec by seryl-tRNA synthe-
tase (SerRS), and these observations in part explain the dual spec-
iﬁcity of SerRS for tRNASec and tRNASer [18]. Another model of the
SerRS-tRNASec complex suggests that SerRS may also recognize
both the G19:C56 base pair and the discriminator base of tRNASec
[19]. Thus, all the major identity elements for tRNA serylation
are present and can be recognized in tRNASec.
Uridine at position8 is highly conserved and forms a tertiary base
pairwithA14 in all othermature tRNAs. This conservedU8:A14base
pair deﬁnes the elbowregion of the tRNA [20] andU8acts as a sensor
for the responsemechanism toUVexposure [21]. The tRNASec has an
adenosine at position 8 instead. An A8:A14:U21 base triplewas sug-
gested from the chemical and enzymatic probing data [17], yet A8
does not appear to interact with other bases in the two recently re-
ported tRNASec crystal structures [18,19]. A tertiary base interaction
change is observed when comparing the SepSecS-bound and the
free tRNASec crystal structures. In the unbound tRNASec, the base of
U20 stabilizes interactions between theDandTWC loops by forming
a base triple with the G19:C56 Watson–Crick base pair [19]. In the
SepSecS-bound state the base of U20 does not participate in the base
triple. Its electron density is weak, suggesting increased mobility in
this part of the D-loop. Thus, the base triple stabilizes an unbound
conformation of tRNASec, whereas on binding to SepSecS the base
triple breaks apart. Besides canonical tertiary base interactions
(i.e., G18:U55 and G19:C56), unique tertiary interactions are pres-
ent in tRNASec such as the U16:U59 base pair, which stacks on top
of A15:A20a and forms a 13-bp stacking helix together with the D
and anticodon stems.
Further analysis, based on superimposing the two solved struc-
tures of tRNASec, reveals that while the individual arms of tRNASec
adopt the same structure, their relative orientations differ in the
SepSecS-bound state and unbound state. Indeed, the acceptor, T-
and variable arms undergo a conformational change upon binding
to SepSecS (Fig. 2B): (i) the variable arm makes a 33 rotation
around the axis that is parallel to the anticodon arm, (ii) the T-
arm moves in the same direction, but to a somewhat lesser extent
(17), and (iii) the acceptor arm makes a 6 rotation around the
anticodon stem as well as a 24 rotation around the axis that is par-
allel to the variable arm (Fig. 2C). The conformational change facil-
itates the interaction between tRNASec and SepSecS and
presumably orients the CCA end toward the active site. It will be
interesting to see if tRNASec undergoes a similar conformational
change as it binds to other components of the Sec biosynthetic
apparatus and the translating ribosome.
tRNASec plays a pivotal role in the Sec biosynthesis pathway. It
interacts with Sec speciﬁc proteins including PSTK and SepSecS
in archaea and eukaryotes. The distinct structural features of tRNA-
Sec are proven to be major recognition elements throughout Sec
biosynthesis as detailed below. It is unknown, however, if these
features of tRNASec are also important for Sec incorporation, which
requires the participation of multiple protein factors in Sec decod-
ing during translation.3. PSTK is a tRNASec-dependent kinase
In archaea and eukaryotes, PSTK catalyzes the second step of
Sec biosynthesis (Fig. 1, center), the phosphorylation of Ser-tRNASec
to Sep-tRNASec in a reaction requiring ATP and magnesium. Such
kinase activity was ﬁrst observed in rat and rooster liver lysate al-
most 40 years ago [22,23]. In 2004, the identity of this elusive ki-
nase as PSTK was ﬁnally revealed in mouse via a comparative
genomic approach [10]. Subsequently the archaeal homolog was
shown to have the same activity [24], and the biochemical and
structural properties of the Methanocaldococcus jannaschii PSTK
(MjPSTK) have been extensively studied [12,24–26].
MjPSTK is a homodimeric enzyme with each monomer consist-
ing of a N-terminal kinase domain and a C-terminal domain that is
putatively involved in tRNA binding. PSTK is a member of the P-
loop kinase family with the conserved Walker A and B motifs
and the RX3R motif that are responsible for the recognition of the
Mg2+-ATP complex [12,26]. Mutations to either the Walker A or B
motifs ablate PSTK activity both in vitro and in vivo [26]. Mutagen-
esis also revealed that the distal Arg residue in the RX3R is critical
for catalysis both in vivo and in vitro. Interestingly, the kinase
activity is not highly speciﬁc for the phosphate donor, since all four
rNTPs and even dATP are competent substrates [12]. Structural
analysis of the PSTK:AMPPNP complex supported this observation
since the adenosine ring makes few speciﬁc contacts, with the
exception of a cation-p interaction involving the RX3R motif [26].
The conserved Asp residue (Asp41) in the Walker B motif plays
an essential role in MjPSTK catalysis. Mutation of Asp41 to Asn
leads to total loss of activity [26]. The structure shows that
Asp41 stabilizes the ATP bound Mg2+ ion via a water mediated
hydrogen bond, while modeling of the Ser substrate suggests direct
contact between Asp41 and the hydroxyl group of Ser [26]. Based
on these reports, we can propose a plausible reaction mechanism
for PSTK. The reaction begins when both substrates, Ser-tRNASec
and Mg2+-ATP, are bound to the enzyme. Asp41 then attracts a pro-
ton from the hydroxyl group of the Ser in the substrate. The depro-
tonated Ser nucleophilically attacks the c-phosphate of the ATP
yielding a pentavalent transition-state intermediate. Finally, the
phosphodiester bond between the b and c phosphate in the ATP
is broken to complete the transphosphorylation reaction, and the
product Sep-tRNASec is formed. Mg2+ aids in the departure of the
leaving group ADP.
The enzyme activity of PSTK is strictly tRNASec-dependent. PSTK
does not hydrolyze ATP in the absence of tRNA nor in the presence
of Ser-tRNASer. The binding of tRNASec, however, promotes ATP
hydrolysis [12]. This suggests that tRNASec might play an essential
role in positioning the Ser moiety for initiating phosphoryl trans-
fer. Compared to aminoacyl-tRNA synthetases, PSTK has approxi-
mately 20-fold higher afﬁnity toward its substrate, Ser-tRNASec
(Km = 40 nM) [12], which may compensate for the low abundance
of tRNASec in vivo. The concentration of tRNASec in vivo is at least
10-fold lower than tRNASer in tRNASec-rich tissues such as liver,
kidney and testis in rat [27].
The crystal structure of PSTK reveals an unusual large central
groove that is formed in the MjPSTK dimer interface, a feature
not observed in other P-loop kinases previously. The central groove
exposes the monomer active sites at either end, and contains many
positively charged residues. Computational docking suggested that
the central groove provides a complementary surface for the two
tRNASec substrates. The model places archaeal PSTK identity ele-
ments (G2:C71 and the C3:G70 [25]) within contact of the protein
dimer interface. Interestingly, the second base pair in the acceptor
stem is highly conserved as C2:G71 in eukaryotic tRNASec,
and mutation of G2:C71 to C2:G71 in archaeal tRNASec resulted
in a Ser-tRNASec variant that is phosphorylated inefﬁciently [25].
J. Yuan et al. / FEBS Letters 584 (2010) 342–349 345Moreover, the eukaryotic PSTK has been reported to recognize the
unusual D-arm of tRNASec as the major identity element for phos-
phorylation [28], and phylogeny indicates a deep divide between
the archaeal and eukaryotic PSTK proteins [12]. Given these obser-
vations, it is quite likely that the eukaryotic PSTK/tRNA complex
may involve interactions that are distinct from its archaeal coun-
terpart. Future co-crystal structures of tRNASec with the archaeal
and eukaryotic PSTKs will provide a deﬁnitive picture of these
differences.
4. SepSecS requires Sep-tRNASec as the precursor for Sec
biosynthesis
The conversion of phosphoseryl-tRNASec (Sep-tRNASec) to selen-
ocysteinyl-tRNASec (Sec-tRNASec) is the last step of Sec biosynthesis
in both archaea and eukaryotes, and it is catalyzed by O-phos-
phoseryl-tRNA:selenocysteinyl-tRNA synthase (SepSecS). SepSecS
forms its own branch in the phylogenetic tree of the fold type I
family of the pyridoxal phosphate (PLP)-dependent enzymes and
displays a distinct homotetrameric ([a2]2) quaternary structure
[11]. Two active sites are formed at each homodimer interface
and each active site contains a PLP-binding pocket. Thus, the tetra-
meric SepSecS has four active sites and four PLP molecules bound.
The PLP cofactor forms a reversible Schiff-base linkage (internal
aldimine) with a highly conserved Lys284. The PLP-dependent en-
zymes form a functionally diverse group, which is responsible for
more than 140 distinct activities [29]. Remarkably, almost all the
PLP-dependent enzymes utilize a catalytic mechanism that pro-
ceeds through a carbanion intermediate, which is, in turn, stabi-
lized by PLP [30]. Based on both in vitro and in vivo activity
assays, a catalytic mechanism of SepSecS that is dependent on
PLP was recently proposed [11,18,31].
The tetrameric SepSecS is distinct from all other members of its
family including O-phosphoseryl-tRNA:cysteinyl-tRNA synthase
(SepCysS). SepCysS acts on a tRNA-based substrate (Sep-tRNACys),
but it does so as a dimer [11]. Moreover, SepSecS is a highly speciﬁc
enzyme that acts on Sep-tRNASec, and not on Sep-tRNACys, Ser-
tRNASec, or free Sep. Crystal structures of both the archaeal and
murine apo-SepSecS [11,31] and that of the human SepSecS-tRNA-
Sec complex [18] have provided insights into the substrate speciﬁc-
ity and the catalytic mechanism of SepSecS.
SepSecS binds both the unacylated tRNASec and Sep-tRNASec
with comparable afﬁnities in vitro [4], which presumably allowed
crystallization of the human complex between SepSecS and unacy-
lated tRNASec. The SepSecS/tRNASec complex structure revealed
that one SepSecS homodimer interacts with the sugar–phosphate
backbone of both the acceptor-TWC and the variable arms of tRNA-
Sec, while the other homodimer interacts speciﬁcally with the tip of
the acceptor arm through interaction between the conserved
Arg398 and the discriminator base G73 of tRNASec [18]. Thus, one
homodimer measures both the length of the acceptor-TWC arm
and the distance between the variable arm and the CCA end,
whereas the other homodimer ensures that the correct tRNA is
bound to the enzyme. The latter homodimer also provides the cat-
alytic site that would act on the Sep moiety. Finally, structural
modeling revealed that canonical tRNAs, including tRNASer (which
is the closest structural homolog of tRNASec), cannot bind to Sep-
SecS due to the shorter acceptor-TWC arm. These observations ex-
plain why only the SepSecS tetramer can bind tRNASec and why
SepSecS cannot bind canonical tRNAs.
Unlike its bacterial counterpart SelA, SepSecS cannot directly
convert Ser-tRNASec to Sec-tRNASec and has a signiﬁcantly reduced
afﬁnity for Ser-tRNASec in vitro [4]. This argues that the phosphate
group of Sep plays an important role in substrate binding. Indeed,
the crystal structure of SepSecS/tRNASec complex in presence offree Sep shows extensive hydrogen bonding between the active
site and the phosphate group of the free Sep [18]. This suggests
that the phosphate group may serve as an anchor to bring Sep in
close proximity of the cofactor PLP. However, the a-amino group
of the free Sep appears quite ﬂexible in the structure and it is not
oriented properly for the nucleophilic attack on the Schiff-base
[18]. Thus, the covalent attachment of Sep to tRNASec may restrain
the conformation of the Sep moiety as well as facilitate the proper
orientation of the a-amino group for efﬁcient PLP-dependent catal-
ysis to occur. This would explain why SepSecS could not act on
either free Sep or Ser-tRNASec, as both molecules bear only one
anchoring moiety.
Sec biosynthesis in all domains of life is achieved by RNA-
dependent amino acid modiﬁcation. As such it is reminiscent of
other pathways of tRNA-dependent amino acid synthesis that form
Asn-tRNA, Gln-tRNA and Cys-tRNA in many organisms [32]. The
individual reactions in this stepwise process may actually be car-
ried out in a large tRNA:protein complex. One example is the tran-
samidosome [33], a complex of tRNAAsn, aspartyl-tRNA synthetase,
and Asp-tRNAAsn amidotransferase, that provides an efﬁcient route
to bacterial Asn-tRNAAsn formation. The complex architecture
should also aid protein quality control, as it may prevent release
of mis-acylated aminoacyl-tRNA that would be used in protein
synthesis. A similar complex possibly involving tRNASec, SerRS,
PSTK and SepSecS may exist to facilitate efﬁcient selenocysteine
formation.
5. Pyrrolysine, the uncommon 22nd amino acid
Evidence for the genetic encoding of pyrrolysine (Pyl) is only
present in 1% of all sequenced genomes thus far. The rarity of Pyl
is matched by its unique chemical structure, a lysine in Ne-linkage
to a pyrroline ring. Pyl was ﬁrst observed in a crystal structure at
the active site of the monomethylamine methyltransferase
(MtmB1) from the methanogenic archaeon Methanosarcina barkeri
[34]. Pyl has now been characterized in three distinct methylamine
methyltransferases from the Methanosarcinaceae that allow these
methanogens to utilize the unique growth substrates mono-, di-
and trimethylamines [35]. Although each of the genes encoding
these methyltransferases contains a in-frame amber (TAG) codon
(a stop codon in most organisms) the methylamine methyltrans-
ferase genes are read-through to the next opal or ochre stop codon
and Pyl is inserted in-response to the in-frame amber codon. Due
to its proximity to the active site, Pyl was hypothesized to be a
key catalytic residue in these Pyl-proteins [36].
While some work has attempted to address the mechanism of
stop codon suppression in Pyl-decoding organisms [37–39], it re-
mains unclear whether all amber codons in these organisms en-
code Pyl or whether some are translational stop signals. In recent
work [40], Pyl was also found in the tRNAHis guanylyltransferase
(Thg1) from Methanosarcina acetivorans. Thg1 is responsible for
addition of the key identity element for His-tRNA formation, a
G1 residue ligated to the 50-end of immature tRNAHis. Interestingly,
Pyl does not play a role in the catalytic action of Thg1 and repre-
sents the ﬁrst example of a dispensable Pyl residue. Efﬁcient
read-through of the in-frame amber codon in Thg1, without the
apparent presence of re-coding signals, indicates that Pyl insertion
may be more similar to natural stop codon suppression [41] than
to the more elaborate re-coding of UGA codons that is known to oc-
cur for selenocysteine [9].
Previous reviews focused on how Pyl enters the genetic code
[42,43], namely by the catalytic action of a pyrrolysyl-tRNA syn-
thetase (PylRS) that ligates pyrrolysine to the amber codon decod-
ing tRNAPyl [44,45]. Since that time the most dramatic advances
have been the structural characterization of PylRS and tRNAPyl. This
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ure of the Pyl binding pocket and provided atomic detail for the
PylRS/tRNAPyl interaction which underlies the speciﬁc and exclu-
sive association between the protein and tRNA. This section of
the review concludes with an overview of an expanded number
of possible Pyl-decoding organisms uncovered from recently se-
quenced genomes and metagenomic surveys.
6. Recognition of Pyl by PylRS
While PylRS was ﬁrst crystallized in 2006 [46], the ﬁrst struc-
ture was solved independently the following year [47]. This struc-
ture of PylRS was determined in complex with Pyl and the Pyl
analog N-e-[(cyclopentyloxy)carbonyl]-L-lysine (Cyc). As for all
PylRS structures reported to date the highly insoluble N-terminal
domain was not included (annotated as pylSn below and in
Fig. 3). This and other structures reported subsequently describe
the unique organization of the binding pocket for the large Pyl side
chain, thus elucidating the principles governing Pyl recognition by
PylRS [47,48]. The core catalytic domain contains the typical fea-
tures of the class II aaRS family, and structural phylogeny sug-
gested the divergence of PylRS from an ancestral version ofFig. 3. Structure and evolution of PylRS and the Pyl operon. (A) Key hydrogen bond int
bound. (B) Two views of the D. hafniense PylRS/tRNAPyl complex showing the tRNA bindin
terminal tail domain (green), and a-helix 6 (blue) emerging from the other protomer (gra
(purple highlight) are also illustrated. Pyl-AMP from the M. mazei PylRS structure was
likelihood phylogenetic tree includes all known putative Pyl-decoding organisms to date
to the tree. Square brackets indicate partial sequence data from a short sequence read, an
metagenomic survey. * indicates an in-frame TAG codon. Sequence data were downloaded
PHYML [66] using a BioNJ starting tree and SPR tree search followed by NNI branch s
parameters were estimated from the alignment, and the JTT + C model with eight rate c
according to the Shimodaira–Hasegawa re-estimation of log-likelihood test implementePheRS early in evolution, i.e., during the time of the last common
ancestor of all life on earth [47].
The structure also revealed that hydrophobic interactions ac-
count for most of the contact surface between PylRS and the Pyl
or Cyc substrates, but speciﬁc recognition is derived from hydrogen
bonds formed between PylRS and the amino acid substrate
(Fig. 3A). The interactions of two residues (Asn346 and Arg330 in
Methanosarcina mazei numbering) with the primary and secondary
carbonyl of the substrate were noticed in complexes with Pyl or
Cyc. Although the cyclic components of both substrates were
bound in a roughly equivalent position in the hydrophobic pocket
of PylRS, subtle differences in the interactions are likely responsi-
ble for a signiﬁcantly greater charging efﬁciency of tRNAPyl with
Pyl as opposed to Cyc [45,49]. The residue Tyr384 in PylRS is be-
lieved to play an important role in orienting Pyl into the binding
pocket through its hydrogen bond to the pyrrole ring nitrogen.
Tyr384 is located on a mobile loop that only appears ordered in
the presence of the cognate substrate Pyl [47,48]. A report of the
ﬁrst bacterial PylRS crystal structure revealed a somewhat more
sterically constrained active site that can nevertheless accommo-
date Pyl [50]. The large active site of PylRS has been shown to
accommodate several Pyl analogs [51–53], including some thateractions in the active site of M. mazei PylRS with pyrrolysyl-adenylate (Pyl-AMP)
g domain 1 (cyan), the catalytic core domain (tan), the bulge domain (yellow), the C-
y). The tRNA core binding surface (magenta highlight) and U shaped concave surface
superimposed onto the DhPylRS structure for reference. (C) The PylRS maximum
, and the organization of the Pyl operon in each genome sequence is shown adjacent
d curly brackets indicate that the Pyl operon is split between different contigs from a
from the Integrated Microbial Genomes database [65]. The tree was calculated with
wapping to optimize the tree. All alignment positions were considered, likelihood
ategories was applied. Bootstrap values (only those >50 are shown) were computed
d in PHYML.
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try” to speciﬁcally attach ﬂuorescent probes [54,55].
7. Molecular basis for the PylRS:tRNAPyl orthogonality
As is typical for class II aaRSs, PylRS is a dimer of two identical
subunits, each of which bind one tRNA molecule from the major
groove side. Each tRNAPyl interacts with one subunit and makes
few speciﬁc contacts with the second protomer. Since PylRS and
tRNAPyl display no signiﬁcant cross reactivity with other aaRS/
tRNA pairs in native or heterologous contexts [38,56,57], they are
said to be orthogonal to other aminoacylation systems. Several un-
ique structural features in both the protein and its substrate RNA
have emerged in the course of evolution that explain the speciﬁcity
of PylRS for its tRNA (Fig. 3B).
In both archaea and bacteria, the amber suppressor tRNAPyl has
several unique structural features when compared to canonical
tRNAs. These include an anticodon stem of six base pairs instead
of ﬁve, a short variable loop of only three bases, a single base sep-
arating the acceptor and D-stems, a small D-loop with only ﬁve
bases, the absence of the almost universally conserved G18G19 se-
quence in the D-loop and the T 54W55C56 sequence in the T-Loop,
and a small number of post-transcriptional base modiﬁcations. M.
barkeri tRNAPyl was found to have only a 4-thiouridine at position 8
and a 1-methyl-pseudouridine at position 50 [45].
Crystallization of the Desulﬁtobacterium hafniense PylRS
(DhPylRS) in complex with its cognate tRNA provided the ﬁrst view
of a naturally evolved orthogonal aaRS/tRNA pair. The structure
supports what was predicted from sequence, that PylRS/tRNAPyl,
unlike engineered orthogonal pairs, is highly distinct from even
the most closely related aaRS/tRNA pair [57]. The structure showed
that while the unusual features of tRNAPyl do not prevent the for-
mation of the expected L-shape tertiary structure fold, they result
in a unique core more compact than those seen in canonical tRNAs.
To match the structural peculiarity of its tRNA substrate, PylRS has
evolved unique protein domains from which residues emerge and
engage in speciﬁc interactions with tRNAPyl core nucleotides. The
tRNA core comes in contact with one side of the protein hence
termed core binding surface. This surface groups the tRNA binding
domain 1 (N-terminus of pylSc domain), the C-terminal tail and
helix a6 on the second protomer (Fig. 3B, upper).
Structural data identiﬁed the tRNA core nucleotides involved in
speciﬁc interactions with the protein. Nucleotide G9 and D-stem
nucleotide pairs G10:C25 and A11:U24 are engaged in a series of
hydrogen bonding interaction with PylRS amino acid side chains.
Earlier biochemical evidence had indicated the importance of these
particular nucleotides for tRNAPyl aminoacylation [49,58]. Their
mutation resulted in dramatic decrease in aminoacylation efﬁ-
ciency both in vitro and in vivo. It was, however, unclear whether
the deﬁcient aminoacylation resulted from destabilization of the
tRNA structure or the direct disruption of speciﬁc contacts with
PylRS. Structural data now unambiguously identify these nucleo-
tides as key elements contributing to the orthogonality of PylRS/
tRNAPyl.
The tRNA binding domain 1, C-terminal tail and bulge domain
of the opposite subunit form a U shaped concave structure comple-
mentary to the acceptor helix of the tRNA that directs its 30-termi-
nus toward the PylRS catalytic site (Fig. 3B, lower). The structural
data also show how PylRS selectively recognizes, through a net-
work of speciﬁc hydrogen bonding interactions, the discriminator
base and the G1:C72 base pair at the top of the acceptor stem.
Compelling biochemical evidence demonstrating the critical
importance of the same nucleotides for the aminoacylation of
tRNAPyl with pyrrolysine in vitro and in vivo were also obtained
[49,58]. The discriminator base G73 and the G1:C72 base pair alongwith those of the core domain deﬁne the complete tRNAPyl identity
set. Transfer of these nucleotides is able to convert a catalytically
non-competent tRNA substrate into a pyrrolysine accepting tRNA
[49]. Although biochemical studies have shown that tRNAPyl anti-
codon nucleotides are dispensable for the formation of PylRS/
tRNAPyl complex and tRNA aminoacylation, the two bases adjacent
to the anticodon (U33 and A37) were shown to be identity ele-
ments for the M. mazei PylRS [49]. These two bases are possibly
recognized in a sequence-speciﬁc manner by residues from the
N-terminal domain, a domain lacking in the DhPylRS and all other
PylRS crystal structures.
The strict orthogonality of the PylRS/tRNAPyl system, which
has been demonstrated [57], and available crystal structures
have already been exploited for the genetic encoding, and thus
site-speciﬁc incorporation of typically post-translationally modi-
ﬁed amino acids directly into proteins. PylRS variants were se-
lected to generate a mutant that speciﬁcally charges tRNAPyl
with N-acetyl-lysine [59]. Wild type PylRS was employed to ami-
noacylate tRNAPyl with a reactive Pyl analog which was chemi-
cally converted to the common histone modiﬁcation N-methyl-
lysine [60].
8. Expanding the Pyl-decoding biosphere
Data from newly sequenced genomes and metagenomic pro-
jects has doubled the potential number of Pyl-decoding organisms.
The Pyl-decoding trait is associated with the presence of the Pyl
operon, which includes genes for the tRNAPyl (pylT) and the PylRS
(pylS) followed by genes that encode the putative Pyl biosynthetic
machinery (pylBCD). The Pyl operon is sufﬁcient to encode the
Pyl-decoding trait as shown by transformation of the operon into
a heterlogous E. coli context that then supported translational
read-through of amber codons [38,56]. Earlier reports [37] found
the Pyl-decoding trait conﬁned to ﬁve archaeal organisms from
the Methanosarcinaceae family and one bacterial organism
(D. hafniense), while later studies [47,58,61] identiﬁed components
of the Pyl operon in a d-proteobacterial endosymbiont of the
marine worm Olavius algarvensis, based on sequence data from a
metagenomic survey [62].
There are now four additional examples of the bacterial version
of the Pyl-trait, and one additional Methanosarcinaceae (Methano-
halophilus mahii) is shown to have the complete Pyl operon
(Fig. 3C). For reasons unknown, only M. barkeri among the archaea
appears to deviate from the otherwise strict operonal organization
and includes a small (100 codon) ORF that is a mutated duplication
of the 30-end of pylC. The bacterial examples show greater diversity
in Pyl operon structure. In keeping with this observation, an up-
dated phylogeny of the PylRS sequences continues to show a clear
divide between the bacterial and archaeal type PylRSs, with a sta-
tistically signiﬁcant root placed between the bacterial and archaeal
clades according to an alignment with other subclass IIC aaRSs.
While the archaeal Pyl-decoding trait is conﬁned to the Methano-
sarcinaceae, bacterial examples appear in only a few members of
the phyla Clostridia and d-proteobacteria.
A key difference between the archaeal and bacterial PylRS is
that the bacteria encode the N-terminal domain (about 100 amino
acids) of PylRS as a separate gene, often at the 30-end of the operon,
leading to the organization (pylT, pylSc, pylBCD, pylSn). While the
evolutionary scenario for the pylS gene split and operonal re-
arrangement was previously unclear, the newly sequenced and
deepest branching bacterial Pyl-decoding representative Acetohal-
obium arabaticum, appears to display a transitional form. In this
organism, pylSn terminates 11 bases upstream of and is thus out-
of-frame with pylSc. The phylogeny indicates that the split pylS
evolved after the divergence of the archaeal and bacterial pylS
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end of the operon) occurred later in bacterial evolution.
Only two organisms interrupt the Pyl operon with other genes.
A. arabaticum encodes the Pyl-containing trimethylamine methyl-
transferase (MttB) and cognate corrinoid protein (MttC) in the op-
eron as well as a gene related to N-methylhydantoinase (hyuA) and
5-oxoprolinase between pylB and pylC. The gene has close homo-
logs in most Pyl-decoding organisms and various bacteria. Proteins
from this superfamily (hyuA) are typically involved in the break-
down of cyclic amines (similar to the pyrroline ring of Pyl), and this
gene could be the ﬁrst example of a catabolic Pyl enzyme. Desfulo-
tomaculum acetoxidans encodes an unknown iron–sulfur protein
between pylT and pylSc and an exact copy of the 30 30 bases of
tRNAPyl downstream of the operon, which is an indication that
the Pyl operon is on a mobile genetic element [63]. Finally, the
complete genome of Desulfobacterium autotrophicum contains the
ﬁrst example of a degraded Pyl operon, only pylSc and pylB are
present. Gene loss has been assumed to explain in part the sparsity
of the Pyl-operon, and this example provides the ﬁrst evidence of a
transitional form towards loss of the Pyl-decoding trait.
9. The 21st and 22nd amino acids promise exciting new
directions
The enzymes involved in the archaeal and eukaryotic Sec bio-
synthesis pathways achieve speciﬁcity for tRNASec by recognizing
distinct structural features of the tRNA substrate. While a similar
theme is observed in the Pyl-decoding system, Sec and Pyl fol-
lowed different evolutionary and metabolic routes to enter the ge-
netic code. Sec relied on a specialized tRNA that is recognized by a
canonical aaRS and on the evolution of enzymes that speciﬁcally
modify the aminoacyl-tRNA to ultimately form Sec-tRNASec. In con-
trast, Pyl entered the code as a result of the establishment of a
tRNA-independent biosynthetic pathway and co-evolution of a
aaRS/tRNA pair that is quite different from its closest known rela-
tives. Despite their differences, both systems will be important for
future biotechnological applications. Just as detailed biochemical
and structural investigation of the PylRS:tRNAPyl system facilitated
the engineering of this orthogonal pair to incorporate other non-
canonical amino acids, the archaeal/eukaryotic Sec-tRNASec
synthesis machinery, speciﬁcally the intermediate Sep-tRNASec,
provides another possible means to incorporate phosphoserine or
possibly other phosphorylated amino acids directly into a growing
polypeptide chain.
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